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ON  THE  EXTRAPOLATION  OF  SPACE -SIMULATION 
BEAM-PLASMA  INVESTIGATIONS  TO  SHUTTLE-BORNE  APPLICATIONS 

I.  INTRODUCTION 

The  artificial  injection  of  energetic  particle  beams  in 

space  represents  one  of  the  most  exciting  areas  for  controlled 

1  2 

experiments  in  the  Earth's  ionosphere  and  magnetosphere  *  . 

Under  the  influence  of  a  large  number  of  controlling  param- 

3 

eters  (e.g.,  N  ,  N  ,  V,  ,  B,  N  and  9),  a  monognergetic 
b  e  b  n 

electron  beam  can  follow  well-defined  single-particle  trajectories 
or  it  can  undergo  collective  beam-plasma  effects  that 
destroy  the  simple  single-particle  description  and  render 

the  beam-plasma  system  unstable  to  a  multitude  of  plasma 

4 

modes  .  If  the  beam  behaves  as  a  single-particle  model  would 
predict,  there  are  a  number  of  valuable  spaceborne  applications 
that  include  the  mapping  of  geomagnetic  field  lines,  detection 
of  geomagnetic  conjugates,  the  study  of  beam-spreading,  atmo¬ 
spheric  excitation  and  ionization  processes,  and  the  measure¬ 
ment  of  magnetic-field-aligned  potentials.  On  the  other 
hand,  there  is  great  interest  in  studying  the  collective 
beam-plasma  processes  that  destroy  the  "classical"  single¬ 
particle  behavior.  This  interest  focuses  on  basic  beam- 
plasma  interaction  processes  and  their  relationships  to  a 
variety  of  space-plasma  phenomena  including: 

(a)  non-linear  ionization, 

(b)  wave-particle  interactions, 

(c)  plasma  turbulence  and  anomolous  diffusion  in  high 
latitudinal  ionospheric  domains, 

(d)  the  generation  of  electrostatic  and  electromagnetic 
waves  ,  and 

(e)  anomolous  spacecraft  cha r g  ing /d is  char g ing  mechanisms 
in  energetic  particle  environments. 


Manuscript  approved  September  8, 1982. 


In  recent  years,  one  of  the  subjects  in  space-related 
beam-plasma  interactions  to  receive  considerable  attention 
has  been  the  collective  plasma  process  called  the  beam- 
plasma-discharge  (BPD)...a  phenomenon  related  to  each  of  the 
issues  listed  above  as  items  (a)  through  (e).  Fundamentally, 
an  hf  discharge  triggered  by  nonlinear  interactions  between 
the  beam  and  ambient  plasma  electrons,  the  BFD  was  first 
studied  in  the  1963  laboratory  work  of  Getty  and  Smullin^ 

It  began  to  gain  the  attention  of  the  space  science  community 
when  the  initial  series  of  spaceborne  beam  experiments  in 

1970  yielded  results  that  were  at  substantial  variance  with 

6 “ 8  9-12 
expectations  .  Further  rocket  experiments’  and  rather 

13-20 

intensive  laboratory  simulations,  supported  by  theoretical 

18  2 1  —  2  2 

analyses,  *  provided  many  clues  to  the  previously  ill- 

understood  spaceborne  results.  Today,  a  fair  amount  is 
known  about  the  BPD  characteristics  and  the  nonlinear 
processes  that  drive  the  basic  hf  beam-plasma  interactions. 

It  is  generally  agreed  that  the  BPD  is  a  complex  beam-plasma 
state  that  is  triggered  at  a  critical  beam  current  with  a 

3 

parametric  dependence  on  the  beam  energy,  the  superimposed 

magnetic  field,  the  ambient  neutral  density  and  system 

length.  This  critical  current  level  yields: 

(i)  a  marked  increase  in  ion-pair  production  (factors 

up  to  20  times  greater  than  that  which  would  result  from 

single-particle  collisional  ionization  processes); 

(ii)  a  greatly  enhanced  3914&  emission; 

(iii)  a  broadening  of  the  beam-plasma  cross-section  (a 

factor  of  10  is  typical)  and  an  associated  modification  of 

the  primary  beam  velocity  distribution; 

(iv)  the  creation  of  a  large  suprathermal  electron 

population  extending  over  the  5-100  eV  range; 

(v)  the  generation  of  intense  hf  emissions  to  frequencies 

0 

above  the  electron  plasma  frequency  to  ;  and 

(vi)  the  development  of  large  amplitude  (up  to  an  order 
of  magnitude),  low  frequency  (^  150  Hz)  ion  acoustic  and/or 
drift-wave  modes. 


2 


Since  many  of  these  results  are  steady-state  BPD  signatures 
and  have  found  plausible  theoretical  descriptions,  it  is 
fair  to  say  that  the  steady-state  space-simulated  BPD  is 
approaching  a  reasonable  level  of  accepted  scientific  under¬ 
standing.  However,  the  extrapolation  of  this  understanding 
to  spaceborne  applications  is  accompanied  by  a  number  of 
conditions  which  have  not  been  adequately  simulated  nor 
extensively  studied.  These  conditions  include  the  existence 
of  a  uniform  and  quiescent  pre-beam  plasma,  the  existence  of 
a  moving  beam-plasma  reference  frame  (as  would  be  the  case 
for  a  Shuttleborne  accelerator),  an  unbounded  beam  length, 
manifestations  of  plasma  density  turbulence,  temporal  beam- 
plasma  behavior  and  possible  spacecraft  perturbations  involving 
plasma  sheaths  and  gaseous  effluents. 

These  items  come  as  no  surprise  to  workers  in  the  field 

and  indeed  several  of  the  issues  have  had  limited  treat- 
23-24 

ment  .  The  existence  of  a  uniform  and  quiescent  pre¬ 

beam  plasma  is  an  important  consideration  since  progressive 
applications  of  beams  in  space  will  initially  concentrate  on 
stable  and  homogeneous  regions  of  the  ionosphere.  In  contrast, 
the  pre-BPD  plasma  in  the  large-chamber  space  simulations 
(and  undoubtedly  in  the  original  gas  discharge  work)  is  far 
from  quiescent.  Indeed,  the  study  of  charged-particle-beam 
interactions  with  turbulent  plasmas  is  a  subject  in  its  own 
right.  In  some  cases,  the  presence  of  plasma  inhomogeneities 
(or  turbulence)  can  attenuate  an  instability  process  while 
in  other  cases  the  same  inhomogeneities  may  lead  to  new 
instabilities. 

It  is  clear  that  each  of  the  issues  require  substantial 
consideration  before  extrapolations  can  be  made  from  the 
space-simulation  results  to  Shuttle-borne  applications. 

With  this  perspective,  subsequent  sections  will  describe 
planned  Shuttle  experiments,  measurement  requirements  and 
potential  impact  of  Shuttle-unique  environmental  constraints. 


II.  SHUTTLE-BORNE  APPLICATIONS 


As  noted  above,  the  extrapolation  of  laboratory  space- 

simulation  results  to  Shuttle-borne  applications  is  met  with 

a  number  of  qualifications.  These  qualifications  can  be  put 

into  perspective  with  reference  to  Figure  1  which  schematically 

displays  various  beam-plasma  interaction  domains  in  Shuttle- 

borne  applications.  (See  References  25-27  for  more  detailed 

discussions  of  beam-injection  considerations  on  the  Shuttle.) 

The  NASA/ Spacelab  Program  plans  a  number  of  Shuttle-borne 

beam-plasma  investigations,  incorporating  the  Japanese  SEPAC 
2  5 

experiment  (SEPAC  *  S_pace  Experiments  with  Particle 

Accelerators).  SEPAC  subsystems  include  an  electron  beam 

accelerator  which  can  deliver  currents  and  beam  energies  up 

to  1.5  amps  and  7.5  keV  in  a  pulse-controlled  mode.  Pulse 

widths  are  variable  from  10  ms  to  1  sec  at  repetition  rates 

ranging  from  0.1-60s  ^ .  (NASA  also  plans  a  number  of  studies 

employing  a  faster  but  lower  power  electron  gun  (1  keV, 

100  ma)  which  is  part  of  an  experimental  effort  called 
2  8 

V CAP  ,  Vehicle  Charging  And  Potential.  (The  first  VCAP 

tests  were  conducted  on  STS-3.)  When  an  electron  beam  is 

injected  into  the  ionosphere,  interaction  processes  can  be 

2  6  2  7 

cataloged  into  four  space-time  regions  *  ,  labelled  I 

through  IV  in  Figure  1.  The  study  of  these  four  regions  is 

2  6  2  7 

the  subject  of  a  NASA-supported  program  TEBPP  ’  (Theoretical 
and  Exper  imental  Study  of  I[eam-£lasma-Phy  s  ic  s )  . 

In  Region  I,  the  beam  is  expected  to  spread  as  a  result 
of  various  effects  which  include  its  own  space  charge  repulsion, 
neutralization  by  ambient  and  beam-created  plasma,  and  beam 
divergence.  In  addition.  Region  I  is  considered  to  include 
the  effects  of  spacecraft  charging  and  potentially  large 
plasma  sheaths  which  will  alter  the  beam  energy  by  an  amount 
equal  to  the  potential  drop  across  the  sheath. 


J 
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Region  II-A  defines  the  region  in  which  the  beam  has 
reached  an  equilibrium  condition  (from  a  geometrical  perspective), 
and  begins  strong  beam-plasma  interaction  processes  that 
spread  the  beam  energy  distribution  function,  develop  strong 
AC  electric  fields  and  result  in  various  forms  of  plasma 
turbulence.  If  BPD  is  to  occur  in  planned  Shuttle  experiments, 
it  is  expected  to  occur  in  this  domain. 

The  beam,  with  its  modified  energy  distribution  function, 
then  moves  into  the  kinetic  regime  (Region  II-B)  where  the 
AC  electric  fields  are  expected  to  be  considerably  less  than 
in  II-A. 

Region  III  is  ahead  of  the  beam  where  precursor  effects 
are  likely  to  be  detected;  and  IV  is  in  the  beam  wake  where 
the  ionosphere  returns  to  its  original  unperturbed  state. 

It  is  planned  that  these  regions  will  be  probed  by 
complementary  instrument  packages ...  one  mounted  on  the  end 
of  the  Shuttle's  15  meter  Remote  Manipulator  System  (RMS) 
and  one  on  a  maneuverable  sub-satellite.  The  degree  to 
which  beam-plasma  processes  can  be  properly  diagnosed  in 
Shuttle-borne  applications  and  the  degree  to  which  laboratory- 
based  simulations  can  be  applied  to  mission  planning  will 
now  be  addressed  in  a  number  of  select  areas. 

Plasma  Sheaths 

It  Is  an  established  fact  that  the  operation  of  energetic 
particle  accelerators  on  space  vehicles  can  have  significant 
effects  on  the  vehicle  potential  and  the  attendant  plasma 
sheath.  Because  of  plasma  current  conservation  laws,  it  is 
possible  in  tenuous  plasma  environments  for  the  spacecraft 
to  charge  to  positive  potentials  equal  in  magnitude  to  the 
beam  energy.  These  potentials  are  expected  to  result  in 
anomalously  large  plasma  sheaths. 

Extrapolation  of  existing  probe  theory  can  establish  an 

2  9 

estimate  of  possible  sheath  sizes.  Consider 

S*  (R  -R  )/\n  =  [2.50-1.54  exp(-0.32  R  /  A  )  ]  ( e<$>  J  kT  )  **  (1) 

S  p  D  pope 
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where  S  is  the  dimensionless  sheath  thickness  for  a  positively 
charged  cylindrical  body  of  radius  R^  immersed  in  a  fully- 
Maxwellian,  magnetically-f r ee  plasma  at  rest.  A^  is  the 
electron  Debye  length  and  e<{)  /kT^  is  the  body  (vehicle) 
potential  normalized  to  the  ambient  electron  temperature. 

Taking  the  thick-  and  thin-sheath  limits  we  find 

lim  (S)  =  (e<j>  /kT  )  **  (2a) 

R  /A  +o  p  e 

P  D 


and 

lim  (S)  =  2.5  (e<j>  /kT  )1'2, 
R  /  A  -*■  oo  P  e 

P  D 


(2b) 


respect ively 


Since  R  (the  Shuttle  radius  in  our  case) 
P 


will  tend  to  be  large  compared  with  A  ,  equation  (2b)  more 

appropriately  represents  the  experimental  configuration. 

Substituting  e<J>  /kT  =  1,  10,  1(j  ,  10J  and  1C)  yields  the 
p  e 

results  summarized  in  TABLE  I. 


The  sheath  sizes  listed  in  Table  I  suggest  that  for 

C.  _  n 

operation  near  peak  ionospheric  densities  (N  'VlO  cm  ) 

Shuttle  sheaths  should  not  be  much  of  a  problem,  even  if  the 
spacecraft  charges  to  1300  volts.  At  low  ambient  densities 
(N  ^  10  cm  )  sheath  sizes  can  become  comparable  to  RMS 
(Remote  Manipulator  System)  dimensions  (6.7  meter  sheath  at 
130  volts,  21  meter  sheath  at  1300  volts).  Under  these 
conditions,  it  is  unlikely  that  any  instrumented  package 
mounted  at  the  end  of  the  RMS  will  penetrate  regions  of  the 
Shuttle-near-space  unperturbed  by  sheath  potentials. 

It  should  be  pointed  out  that  equation  (1)  cannot  be 
applied  rigorously  to  the  full  domain  of  possible  sheath 
sizes  and  Shuttle  potentials.  Attendant  limitations  are 
identified  with  the  assumptions  in  the  physical  model  employed 
in  the  derivation.  Ramming  currents,  magnetic  field  effects, 
secondary  electron  sputtering,  surface  conductivities, 
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detailed  Shuttle  geometry  and  ionization  sources  within  the 
sheath  have  all  been  neglected.  Because  of  the  complexity 
of  the  problem  and  inherent  assumptions  that  are  neces¬ 
sitated  (even  if  all  effects  are  included),  it  is  unlikely 
that  a  more  complicated  model  will  yield  improved  confidence 
in  final  predictions. 

Ignition  of  the  BPD 

The  possibility  of  BPD  ignition  in  Shuttle  applications 
can  be  viewed  from  a  number  of  perspectives.  We  focus  here 
on  ignition  criteria  established  in  space-simulation  labor¬ 
atory  experiments.  These  criteria  are  summarized  in  Figures 

2  and  3.  and  associated  equations  3  and  4,  respectively. 

r  (Vb[VoltsJ)  7 

i  (a)  =  6. oqo11)  1  ~  r~oTT“7~  777-7 

c  |j[B[gauss])  P[Torr]L[m] 

we  =  5.4  we  (4) 

pc 

With  regard  to  Figure  2  we  emphasize  considerations 

regarding  pressure.  In  the  case  of  the  other  parameters 

note  that  0.2  ^  B(gauss)  ^  0.6  for  nominal  Shuttle  orbits 

and  that  the  system  length  L  is  not  expected  to  be  a  controlling 

term.  L  dependence  in  equation  (3)  is  interpreted  in  two 

ways:  (i)  ion  loas  rates  to  the  ends  of  the  chamber,  and 

(ii)  resonance  feedback  for  finite  system  size  resulting  in 

an  absolute  instability  under  space-simulation  conditions.  In 

the  unbounded  Shuttle  application  the  instability  is  expected 

to  be  convective  and  therefore  carries  no  L-dependence .  In 

addition,  there  are  considered  to  be  no  unit  volume  loss 

rates  along  the  unbounded  system  axis  and  if  BPD  were  ignited 

for  a  20  meter  length  in  laboratory  simulation,  it  is 

30 

expected  to  be  ignited  in  space  (all  other  parameters 
being  the  same) . 

Typically,  Shuttle  altitudes  will  be  confined  to  domains 
between  200  and  400  km  where  diurnal  and  solar-cycle  variations 
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_  Q  <  <  _  7 

allow  9(10  )  -  P(torr)  ^  3(10  )  at  the  lowest  altitude 

limit  and  3(10  ^  P(torr)  ^  2(10  at  the  upper  altitude 

region.  Reference  to  Figure  2  suggests  that  BPD  ignition  at 

*  400  km  (<P>  'u  1(10  ))  is  a  virtual  impossibility  with  the 

SEPAC  accelerator  (I(max),  V, (max)  =  1.5A,  7.5  keV) .  At  the 

b  -7 

very  lowest  altitude  (<P>  'u  2(10  ))  BPD  ignition  appears 

possible  only  for  maximum  SEPAC  current  (1.5  amps)  at  energies 
less  than  1.5  keV.  However,  SEPAC  gun  perveance  appears  to 
preclude  BPD  operation  in  this  domain. 

The  results  of  Figure  2  also  suggest  that  the  VCAP 
electron  gun  at  (0.1A,  1.0  keV)  is  marg inally-capable  of 
triggering  BPD  in  the  low  altitude  regime.  Local  increases 
in  pressure  (e.g.,  factors  of  only  2-5)  due  to  Shuttle 
outgassing  will  greatly  increase  VCAP  BPD-ignition  probabilities. 

It  is  important  to  note  that  this  discussion  of  pres¬ 
sure  limitations  on  BPD  ignition  is  greatly  simplified  in 
that  it  has  not  included  the  motion  of  the  beam  across  the 
geomagnetic  field.  This  motion  can  represent  a  loss  mechanism 
as  the  beam  moves  away  from  field  lines  where  it  has  already 
created  ionization.  Considerations  of  this  phenomenon 
suggest  that  even  at  200  km  altitudes  the  SEPAC  accelerator 
will  not  be  able  to  trigger  BPD  if  the  only  neutrals  available 
for  ionization  are  from  the  natural  environment.  However, 
the  SEPAC  experiment  includes  a  nitrogen  source  for  creation 

of  a  neutral  gas  glume  (NGP) .  The  NGP  has  been  designed  to 

12  13  -3 

provide  neutral  densities  in  the  range  10  -10  cm  , 

corresponding  to  pressures  of  the  order  10  b  torr.  Except 
for  the  NGP  nozzle  velocity  this  plume  will  move  along  with 
the  Shuttle  and  make  the  SEPAC  ignition  of  BPD  a  virtual 
certainty . 

Existence  of  a  Pre-Beam  Plasma 

While  the  critical  current  relationship  (equation  (3)) 

established  the  controlling  system  parameters  for  BPD  ignition 

in  the  laboratory-simulations,  a  more  fundamental  form  of 

the  ignition  criterion  involved  a  plasma  density  dependence. 

5  14  e  >  e 

Early  thoughts  *  suggested  that  w  -  o»  satisfied  ignition 

P  c 
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threshold  criteria  while  a  recent  systematic  direct  measure- 
18  6  6 

meats  effort  yielded  oj  =  5.4  a)  as  the  plasma  density 

p  c 

dependent  form  of  BPD  threshold  conditions  (see  Fig.  3). 

The  majority  of  these  BPD  experiments  were  conducted 

without  a  pre-existing  plasma,  that  is,  the  beam  interacted 

with  the  plasma  which  it  created  in  collisions  with  ambient 

neutrals.  In  ionospheric  applications,  there  will  be  a 

naturally-occurring  plasma  environment  with  a  density  which 

varies  with  magnetic  latitude,  altitude,  and  local  solar 

zenith  angle  as  well  as  solar  and  geomagnetic  activity.  For 

most  considerations  the  ambient  plasma  densities  at  Shuttle 

6  •  3 

altitudes  will  vary  from  a  maximum  value  near  2(10  )  cm~  to 
4  -3 

a  minimum  ^  10  cm  .  The  upper  limit  is  a  harder  number 
than  the  lower  since  orbital  passes  below  the  F-region  peak 

and  through  the  mid-latitude  trough  could  push  the  lower 

3  —3  <  < 

limit  to  ^  10  cm  .  Recalling  that  0.2  ^  B(gauss)  'V  0.6 

at  Shuttle  altitudes.  Figure  3  suggests  that  the  density- 

dependent  threshold  criterion  u®  -  can  be  readily 

satisfied  in  Shuttle  beam-plasma  applications.  The  question 

6  6 

to  be  answered  however  is  whether  or  not  the  w  /w  criterion 

P  c 

applies  to  the  situation  in  which  there  exists  a  pre-beam 

plasma.  Theoretical  models  suggest  it  does  but  the  exact 

value  is  dependent  upon  gun  geometry  and  beam-expansion 

processes.  In  any  event,  it  is  expected  that  the  condition 

oje/toe  -  1  will  apply  but  an  exact  value  (we/o)e  «  5.4  ?) 

pc  vr  j  pc 

remains  to  be  determined. 

Pulsed  Gun  Operation 

The  operation  of  the  gun  with  pulse  widths  as  short  as 
10  ms  is  expected  to  lead  to  varying  results.  This  is 
illustrated  in  Figure  4  where  the  temporal  behavior  of 
relative  plasma  density  is  presented  for  three  consecutive 
electron  gun  pulses  under  laboratory  conditions.  The  gun's 


current  and  voltage  were  set  for  BPD  conditions  at  34  ma  and 


PLASMA  DENSITY  [ELECTRONS/cm3] 

Fig.  3  —  Density -dependent  ignition  criterion  for  BPD  ignition,  wi/w®  -  5.4  was  the 
average  value  determined  experimentally.  The  dotted  lines  identify  range  of  experi¬ 
mental  parameters  while  the  crosshatched  region  represents  spread  in  the  results.  The 
condition  cjp>  w®  stems  from  earlier  investigations5’14. 


1.9  keV,  respectively,  and  the  pulse  operation  cycle  was  at 
80  msec  ON  and  270  msec  OFF  for  a  total  350  msec  period.  The 
results  in  the  figure  can  be  characterized  as  follows: 

(i)  A  rapid  increase  in  plasma  density  as  the  gun 
turns  on  (about  3  orders  of  magnitude  increase  in  approximately 
5  msec)  ; 

(ii)  A  "flat"  quasi-steady-state  BPD  condition  during 
the  pulse-ON  time;  and  finally 

(iii)  An  exponential  decay  in  plasma  density  once  the 
gun  pulse  is  terminated. 

Two  points  will  be  made  relative  to  the  results  in 
F igur e  4 : 

(a)  The  BPD  onset  time  is  a  function  of  gun  current 
(previously  treated  in  Ref.  18),  energy,  and  ON/OFF  cycle 
time.  If  the  pulse  width  had  been  less  than  5  msec  for  the 
conditions  in  Figure  4,  BPD  would  not  have  been  achieved. 

(b)  The  onset  time  dependence  on  ON/OFF  cycle  time 
represents  a  dependence  on  the  local  plasma  density  when  the 
gun  is  retriggered.  For  shorter  OFF  times  (and  correspondingly 
higher  local  pre-beam  plasma  densities)  the  onset  time  Is 
reduced.  This  means  that  BPD  onset  time  In  a  pre-beam  plasma 
environment  is  shorter  than  cases  in  which  the  beam  itself 
generates  the  plasma.  Thus,  the  presence  of  ionospheric 
plasma  may  help  alleviate  possible  problems  of  plasma  loss 

as  the  beam  moves  across  the  geomagnetic  field. 

Ill .  COMMENTS  AND  CONCLUSIONS 

The  conditions  detailed  in  the  preceding  paragraphs  by 
no  means  exhaust  the  various  issues  to  be  considered  in 
extrapolating  the  current  understanding  of  beam-plasma 
interactions  to  Shuttle-borne  applications  (see  e.g.. 

Ref.  23).  It  cannot  be  emphasized  too  strongly  that  such 
extrapolations  must  be  recognized  for  what  they  are ...  indicators 
of  possible  effects  and  guidelines  for  experiment  planning. 

Even  within  the  areas  treated  the  approach  has  been  somewhat 
cursory  with  a  focus  on  primary  impact  rather  than  comprehensive 
treatment . 


Fig.  4  —  Time-dependent  plasma  response  during  three  consecutive 
pulsed-gun  periods.  -  (1.3  ±  0.5)  (107)  cm-3. 


Limitations  notwithstanding.  It  Is  expected  that  accumulated 
rocket-borne  and  laboratory  information  along  with  intelligent 
instrument  design  and  experiment  planning  will  lead  to 
successful  energetic  electron  beam  experiments  on  Shuttle... 
experiments  that  reap  the  benefits  of  single  particle  behavior 
as  well  as  those  which  explore  the  multitude  of  nonlinear 
interactive  processes  in  beam-plasma  systems. 
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